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The standard model Higgs boson can serve as the inflaton field of slow roll inflationary models 
provided it exhibits a large non-minimal coupling with the gravitational scalar curvature. The Higgs 
boson self interactions and its couplings with a standard model singlet scalar serving as the source of 
dark matter are then subject to cosmological constraints. These bounds, which can be more stringent 
than those arising from vacuum stability and perturbative triviality alone, still allow values for the 
Higgs boson mass which should be accessible at the LHC. As the Higgs boson coupling to the dark 
matter strengthens, lower values of the Higgs boson mass consistent with the cosmological data are 
allowed. 



I. INTRODUCTION 



The inflationary paradigm has proven extremely suc- 
cessful in accounting for a wealth of cosmological obser- 
vations. It not only explains the large scale homogeneity 
and isotropy of the present universe, but also accounts 
for the generation of the nearly scale invariant primor- 
dial perturbations responsible for structure formation pQ. 
The implementation of the slow roll inflation is generally 
achieved by the inclusion of an independent scalar degree 
of freedom, the inflaton. It is tempting to try to iden- 
tify the inflaton with the standard model Higgs field, h, 
with a A/i 4 potential. Unfortunately, early attempts at 
such an identification were plagued (5J [5] by the required 
flatness of the inflaton potential which is dictated by the 
size of the observed density fluctuations. This in turn 
necessitated far too small a quartic self coupling for the 
inflaton for it to be identified with the Higgs scalar. How- 
ever, by including a non-minimal coupling of the Higgs 
doublet, H, to the gravitational Ricci scalar curvature, 
R, with a large coupling constant £ ~ 10 3 — 10 4 , it has 
been argued (3J H El El E] that the resultant Higgs 
potential can indeed be flat enough for it to play the ad- 
ditional role of the inflaton. In such a case, the shape 
of the Higgs-inflaton effective potential in the inflation- 
ary region allows for a range of cosmologically acceptable 
values for the Higgs boson mass even after the inclusion 
of radiative corrections. As such, slow roll inflation can 
be implemented without the need for additional degrees 
of freedom already appearing in the minimal standard 
model. 
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The presence of non-baryonic dark matter, however, 
does require the inclusion of additional degrees of free- 
dom beyond those appearing in the standard model. A 
minimal extension of the standard model which accounts 
for this dark matter is the inclusion of a singlet hermi- 
tian scalar field, S, EH EEU US]. This simple, and 
clearly minimal, extension can account for the correct 
abundance of dark matter. Its lack of direct [13] and in- 
direct [HI [TS] detection or observation at high energy ac- 
celerators [THl EO HH] have already somewhat constrained 
the model's parameter space, and experiments in the near 
future will further probe its validity. 

In this paper, we study the quantum effects of dark 
matter as modeled by this standard model singlet scalar 
on the Higgs-inflaton effective potential. As a result of 
the coupling of the Higgs boson and dark matter singlet, 
the cosmological restrictions which include up to three 
standard deviations from the measured central values, 
allow for lower values of the Higgs boson mass than is 
the case in the absence of such dark matter couplings. 
In section [Hj the renormalization group improved effec- 
tive potential for the physical Higgs field is determined 
including the effects of its coupling to the scalar singlet 
dark matter as well as its large non-minimal coupling 
to the gravitational Ricci scalar. Three quantities, e, r\ 
and £ 2 , parameterizing slow roll inflation are given in 
terms of the derivatives of this Higgs-inflaton effective 
potential. The Higgs non-minimal coupling £ to gravity 
is specified at the onset of inflation so as to yield the 
measured value for the amplitude of density perturba- 
tions. The scale for the onset of slow roll inflation is set 
so as to provide N e = 60 e-folds of expansion before the 
inflaton exits inflation at e = 1. The spectral index, its 
running and the tensor to scalar ratio are then deter- 
mined quantities which depend on the Higgs boson mass 
as well as the Higgs boson-dark matter coupling and the 
singlet self-coupling. The numerical results for this de- 
pendence are presented in section |TTT] and & r e displayed in 
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Figs. [5] and [8] in terms of cosmologically allowed and ex- 
cluded regions of parameter space. Conclusions are sum- 
marized in section [TV] Appendix |A"| provides the one-loop 
rcnormalization group /3-functions for the gravitationally 
non-minimally coupled model. Appendix [B] contains the 
triviality and vacuum stability constraints for the scalar 
coupling constants. 



ble hermitian standard model singlet, scalar field S. The 
stability of this scalar is guaranteed through the imposi- 
tion of an unbroken Z 2 discrete symmetry under which 
the scalar is odd. Focusing on the scalar and gravita- 
tional sector of this model the tree level action in the 
Jordan frame including all terms through mass dimen- 
sion four is specified by 



II. HIGGS-INFLATON EFFECTIVE 
POTENTIAL 



A minimal way of accounting for the presence of non- 
baryonic dark matter is by modeling said matter by a sta- 
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where the Higgs potential is 



V(H^H) 



with the Higgs multiplet parameterized by 
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Here x ± > X° are the standard model erstwhile Nambu- 
Goldstone bosons and h the physical Higgs boson field. 
The ellipses in Eq. ([lj refer to the usual remaining stan- 
dard model Yang-Mills and fermion kinetic terms and 
Yukawa couplings. Note that this action includes the 
non-minimal coupling of the Higgs doublet to the grav- 
itational Ricci scalar R with coupling £. m 2 pl is the re- 
duced Planck mass m 2 pl = 1/8ttG « (2.43 x 10 18 ) 2 GeV 2 
and v = 246.2 GeV is the scale of electroweak symmetry 
breaking. 

The various cosmological parameters governing the 
slow roll inflation are secured in terms of derivatives of 
the effective potential with respect to the Higgs-inflaton 
field evaluated during the inflationary phase when (only) 
the physical Higgs field has a large expectation value, 
h ~ mpi/v^ » v. Thus it is necessary to determine 
the renormalization group improved effective potential as 
a function of h. The non-minimal gravitational interac- 
tion of the Higgs doublet couples the gravitational and 
Higgs fields' equations of motion. This results in a mod- 
ified form for the high energy behavior of the Higgs and 
gravitational field propagators or, in the external gravita- 
tional field case focused on here, a modified Higgs prop- 
agator [8 . At the tree level, the non-minimal Einstein 



equations obtained from ([!]) are 
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where the new, improved energy-momentum tensor is 
6 M „ = + £(±(V M V„ + V„V M ) - g^V 2 )h 2 with T^ v 
the standard model canonical energy-momentum tensor. 
Sfj, v are terms involving the dark matter field S and its 
coupling to itself, the gravitational field and the stan- 
dard model Higgs field. Focusing on the gravitational 
and Higgs fields only as they are dominant in the infla- 
tionary region, the trace of Eq. Q results in 
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Substituting this into the Higgs field equation yields 
V 2 h + V'{h) = £hR 
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Expanding about the backround Higgs field h 
produces the field equation 
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where (primes denote differentiation with respect to h) 



s(h) 



1 + £h 2 /m 



pi 



1 + (f + 6£)£/i 2 /m 
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Thus the non-minimal coupling to the gravitational 
field introduces a modification to the Higgs field prop- 
agator by a factor of s(h). The one-loop renormaliza- 
tion group improved effective potential for h can now 
be computed using standard techniques. The only mod- 
ification to the standard model calculation arises from 
the non-canonical Higgs kinetic term. Thus for large 
non-minimal gravitational coupling constants, £, and for 
the sizeable, but still sub-Planckian, inflationary back- 
grounds h ~ mpi/y/Z, this leads to a suppression of the 
physical Higgs field propagator [3j EJ |8] 
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+ 1 when 
when 
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Note that s(h) takes its canonical value s(h) 
<< 1 while in the other extreme, s(h) - 

m pi 

K- »i. 
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It then follows, for these large field values, the Higgs 
field is no longer an unconstrained high energy degree 
of freedom. This will result in a violation of unitarity 
and an (as yet unknown) ultraviolet completion of the 
model will be necessary for a thorough understanding of 
the dynamics in the inflationary region |19j . Moreover, 
although h is sub-Plankian in the inflationary region, 



the variable \/£h/mpi is large and the issue of contri- 
butions from higher dimensional operators needs further 
scrutiny. As discussed in reference [7J, the Higgs sup- 
pression could indicate the onset of a new strongly inter- 
acting phase of the Higgs sector of the standard model. 
To account for this, the perturbative low energy stan- 
dard model renormalization group running of the cou- 
pling constants was matched onto their running in a non- 
linearly realized electroweak symmetry model effective in 
the range mpi/^<h<mpi/y/^ where the Higgs field con- 
tributions to processes are absent [TJ. Here we adopt a 
somewhat pragmatic approach and following in the spirit 
of reference [£], we employ the suppressed Higgs effective 
standard model, now with the inclusion of the dark mat- 
ter scalar, and explore the dependence of the measured 
cosmological density spectrum parameters on the Higgs 
and dark matter coupling constants for the inflationary 
scales h ~ mpi/y/^, albeit possibly at the limits of its 
domain of validity. Hence, Feynman integrands involv- 
ing Higgs propagators will have a suppression factor s 
for each such line with s(h) evaluated at the scale of the 
background Higgs field h. In particular the renormaliza- 
tion group functions will include a suppression factor for 
each physical Higgs line contributing to the function. 

Isolating the explicit dependence on the dominant 
large Higgs field background terms, while the ellipses 
refer to the remaining subdominant singlet and stan- 
dard model terms, the one-loop renormalization group 
improved effective action takes the form 
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In the inflationary region, the Higgs-inflaton field has a 
large background value and the dominant forms of the 
renormalization group improved effective action coeffi- 
cients are 
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where 
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with j(t) the Higgs field anomalous dimension. Here we 
have introduced the scaling variable t = t(h) = In (h/m t ) 
so that h{t) = rate* and have normalized the Higgs field 
and all running couplings at the top quark mass. The 
various t dependent running coupling constants of the 



effective interaction terms are given by their renormal- 
ization group equations so that, for example, 



d\(t) 
dt 



dm 

dt 
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(13) 



The one-loop /3-functions and Higgs field anomalous di- 
mension including the suppression factors are compiled 
in Appendix |A"| 

Cosmological quantities can most readily be calculated 
in the Einstein frame which is obtained by rescaling the 
metric by gEfiu — f{t)9^u- The one-loop renormalization 
group improved effective action then takes the form 
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where 



G*{t)f{t) + lm? pi r*{t) 



Defining a canonically normalized field a 
Einstein frame effective action reads 
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a(h), the 
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where the dominant part of the one- loop renormalization 
group improved effective potential in the inflationary re- 
gion in the Einstein frame is 



f 2 (t) 



(17) 



with the canonically normalized Higgs-inflaton field de- 
fined through 



da 
dh 
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G 2 f+\m Pl j 
f 2 
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A Higgs field wavefunction renormalization suppres- 
sion factor is now defined as 

Z(t) = G 2 (t)s(t) 



G 2 (t)f 



G\t)f+\m Pl f' 2 



1 + V 2 W 
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where 

^ 2 (i) = mG 2 (t)h"(t)/m 2 Pl = £(t)G 2 (t)e 2t m 2 /m Pl 

(20) 

is a renormalization group invariant dimensionless field. 
Note that f(t) = 1 + ip 2 (t). As a function of ip(t), the 
Higgs-inflaton effective potential takes the simple form 



V E = 



(21) 



The renormalization group invariant slow roll inflation- 
ary parameters are defined by (once again prime denotes 
differentiation with respect to h) 
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where all quantities are evaluated at the onset of infla- 
tion. The power spectrum of density perturbations in 
fc-space is given by 



P s (k) 



.(fc)-i 



(23) 



where the amplitude of density perturbations is expressed 
as 



A 2 - 



Ve 



247r 2 r 



(24) 



and is secured by the combination of experimental results 
from WMAP5, Baryon Acoustic Oscillations (BAO) and 
supernovae (SN) as: A| = (2.445 ± 0.096) x 10~ 9 at 
k* = 0.002 Mpc -1 [20]. Slow roll inflation predicts the 
spectral index, n Sl its running, a = dn s /dlnk 7 and the 
tensor to scalar ratio, r, to be 



n s = 1 — 6e + 2r] 
a = -24e 2 + 16e?7 - 2C 2 
r = 16e. 



(25) 



The WMAP5, BAO and SN experimental evidence gives 
n s = 0.960 ± 0.013 and r < 0.22 (95% CL) with an 
insignificant running spectral index, a — —0.028 ± 0.020 



III. NUMERICAL RESULTS 

The renormalization group equations for the various 
running couplings are solved numerically starting from 
t = which corresponds to the top quark mass. The top 
Yukawa coupling at t — is fixed by the central value de- 
duced from the top quark mass mt = yt(0)v / y/2 = 171.2 
GeV , while the gauge coupling constants are normal- 
ized at m t as «i(0) = 0.0102718, a 2 (0) = 0.0334412 and 
0-3(0) = 0.108635 [2T]. The value of £(0) is determined 
so that at the initial point of the slow roll inflation, ti, 
the non-minimal coupling constant £(ii) is such that the 
calculated value of the amplitude of density perturba- 
tions, equation (24 1, agrees with the measured result. 



The Higgs-inflaton exits inflation at the final point tf 
when the first slow roll parameter is 1: e(tt) = 1. The 
number of e-folds of expansion between ti and tt is 
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FIG. 1: The Einstein frame renormalization group improved 
effective potential as a function of the canonically normal- 
ized Higgs-inflaton field. The magnitude and shape of this 
potential in the inflationary cosmological state varies with 
the strength of the Higgs-inflaton and dark matter coupling 
constant ft. The thickened portion of the potential curve cor- 
responds to the N e = 60 e-folds of inflation with onset and 
exit values of a as shown. 
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FIG. 3: The running coupling constants for the scalar fields. 
The initial conditions for the coupling constants correspond 
to the effective potential plot of Fig. [2] with «(0) = 0.2, 
£(0) = 8,315 and £s(0) = 0.0. In this case the onset of 
inflation occured at the scale U = 35 with exit at tf = 32.7 
after 60 e-folds of expansion. 




FIG. 2: The Einstein frame renormalization group improved 
effective potential as a function of the canonically normalized 
Higgs-inflaton field. The magnitude and shape of this po- 
tential in the inflationary cosmological state varies with the 
strength of the dark matter self-coupling constant As as com- 
pared to Fig. 1 for the different Higgs-inflaton to dark matter 
coupling k. The thickened portion of the potential curve cor- 
responds to the N e = 60 e-folds of inflation with onset and 
exit values of a as shown. 



(26) 

The initial point of inflation is defined so that N e (ti) — 
60. These three criteria are then implemented recursively 
for each choice of initial Higgs mass, nih = ^/2A(0) v 
and scalar coupling constants k(0), Ag(0) and £s(0). 
The standard model without dark matter coupling cor- 
responds to k(0) = = As(0). 

As evident from Figs. [I]and[2j the shape of the effective 
potential in the inflation region depends not only on the 
Higgs boson mass [El IE] , but also changes as the Higgs- 



FIG. 4: The running of the non-minimal gravitational cou- 
pling constants for the scalar fields. The initial conditions for 
the coupling constants correspond to the effective potential 
plot of Fig. [2]with k(0) = 0.2, £(0) = 8, 315 and £ s (0) = 0.0. 
In this case the onset of inflation occured at the scale ti = 35 
with exit at tf = 32.7 after 60 e-folds of expansion. 



inflaton to dark matter coupling and dark matter self- 
coupling varies. The high energy suppression of the Higgs 
propagator also effects the running of the scalar coupling 
constants as seen in Figs. |3]and|4] The suppression factor 
is plotted along with the coupling constants whose j3- 
function dependence on the suppression factor manifests 
itself in the abrupt change of running. 

The fractional rate of change of the effective potential 
is obtained from the renormalization group equations. 
Recalling that 
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For larger values of A(0) and hence more massive Higgs 
bosons, the term in the square bracket can cancel the re- 
maining bracketed terms since ip 2 is getting large. Thus 
there will be some t value at which the effective potential 
reaches a maximum value, the wrong way roll point, be- 
fore turning over and decreasing as the scale is increased. 
For a Higgs-inflaton model to be viable, it is thus nec- 
essary that the inflation must initiate at U values less 
than that of this relative maximum or else the inflaton 
rolls to mpi and beyond. The scale at which this cannot 
be accomplished sets an upper limit on the Higgs mass 
consistent with the inflationary cosmology model. It is 
typically below that of the suppressed triviality bound 
which is mapped out in Appendix|5] Hence, an additional 
region of parameter space previously allowed by the sup- 
pressed triviality constraint, as seen in Fig. 10 will be 



ruled out due to the wrong way roll condition. Likewise, 
for smaller values of A(0) that lead to a running close 
to the vacuum stability bound, (3\/\ is negatively large 
enough so that a relative maximum forms in the effective 
potential. Thus once again, there is a region of parameter 
space not ruled out by vacuum stability but excluded by 
the wrong way roll condition. Moreover, since the effec- 
tive potential has a maximum before vacuum instability 
and the onset of inflation are reached, the wrong way roll 
excluded area covers that previously ascribed to vacuum 
instability. The wrong way roll criterion more severely 
restricts the parameter space of the model than the re- 
quirement of absolute vacuum stability up to the onset of 
inflation. For that matter, even if the absolute stability 
constraint is abandoned in favor of vacuum metastability 
[22] with a lifetime longer than the age of the observable 
universe, then the additional range of Higgs boson masses 
allowed by this less stringent condition are ruled out by 
the imposition of the wrong way roll constraint. Hence 
for both low and high Higgs masses, additional regions of 
parameter space are excluded as they do not support slow 
roll inflation. For typical values of the scalar parameters 
the wrong way roll excluded region of parameter space is 
displayed in Fig. [5] 

For k(0) = Ag(0) = 0, the allowed range of Higgs bo- 
son masses after the imposition of the wrong way roll 
constraint is roughly 155 GeV < < 182 GeV. This is 
a slightly smaller range than that allowed without the ad- 
ditional constraint which is 153 GeV < < 190 GeV 
(see Appendix B). Still considering Ag(0) = 0, as k(0) 
increases, the smallest allowed mh value consistent with 
the various constraints is approximately 130 GeV, which 
is roughly the same as without the wrong way roll con- 
straint. This occurs when k(0) ~ 0.3. For larger val- 
ues of k(0), the allowed parameter space vanishes. Once 
again, this is akin to the case without the wrong way roll 
constraint. As Ag(0) increases from zero, the allowed pa- 
rameter space starts to shrink as a smaller range of k(0) 



values are permitted, while there remains a finite range 
of allowed Higgs boson masses. Finally, for Xs(0) > 0.25, 
the allowed k(0) range vanishes for a finite range of al- 
lowed Higgs boson masses. Hence the allowed parameter 
space disappears. While Fig. [5] corresponds to particular 
value of £(0), the generic features continue to hold for a 
range of large £(0) values. 

The viable region of parameter space is further re- 
stricted by the requirement of yielding a value of the spec- 
tral index within its experimentally determined range. 
Once the effective potential is determined, the cosmologi- 
cal quanities are calculated using equations ( 22 1 and (p5| . 



The spectral index, its running and the tensor to scalar 
ratio are plotted versus the Higgs boson mass in Figs. [6] 
and [7] for various initial values of the Higgs-inflaton to 
dark matter coupling and for two initial values of the 
dark matter self-coupling. The green area shown in Fig. 
[8] corresponds to model values of n s that are within one 
standard deviation of the experimental central value for 
the spectral index, n s = 0.960 [50]. The yellow area is de- 
termined by the predicted value of n s being between one 
and two standard deviations of its central value. The 
orange regions correspond to n s predicted values to be 
within two to three standard deviations from the central 
value. Finally the red regions indicate a predicted spec- 
tral index greater than three standard deviations beyond 
the central value. The grey regions are excluded by trivi- 
ality, vacuum stability and the wrong way roll conditions. 

In general, as the Higgs boson to dark matter cou- 
pling strength, k(0), increases, lower values of the Higgs 
mass will still support a stable vacuum as well as avoid 
the wrong way roll condition. However, a tension be- 
gins to arise between the experimentally allowed values 
of the spectral index and the model values of the index 
at low Higgs mass. It follows from Figs. [6j [7j and [8] 
that, consistent with the triviality, vacuum stability and 
wrong way roll constraints, agreement with the central 
measured value of n s favors a Higgs boson mass in the 
range 155-180 GeV and a smaller value of k(0). As k(0) 
grows to values greater than ~ 0.3, the computed value 
of n s lies between one to three standard deviations above 
the central measured value and occurs for smaller Higgs 
boson masses of order 130-145 GeV. Thus a discovery of 
a Higgs boson mass in this range favors a larger coupling 
to dark matter as is also preferred by the dark matter 
abundance calculations provided the dark matter is ei- 
ther lighter or heavier than ~ to/j/2. Note that there 
is no additional constraint arising from r and a as their 
computed values lie well below the present experimental 
limits. 

As noted previously, the parameter space available 
shrinks as the dark matter self coupling increases as dis- 
played in Fig. 8] for different Ag(0) slices. This self 
coupling is largely unconstrained by dark matter exper- 
iments and observations. For small dark matter mass 
(less than ~ 1 GeV) a correlation between the self cou- 
pling and mass may soften current discrepancies between 
the observed dark matter halo structure and numerical 
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FIG. 5: The wrong way roll constraints for parameter space are added to those of vacuum stability and triviality (compare to 
Fig. 10 1. These are displayed for typical initial non-minimal gravitational couplings of £(0) = 10 4 and £s(0) = 0.0. The grey 
colored areas mark the wrong way roll excluded regions of parameter space. The constraints apply to scales up to those typical 
of the onset of inflation, U = 34.5. 



simulations of the structure formation process [23J 1^] - 
Overall there is ample parameter space available for a 
consistent minimal standard model with the Higgs boson 
acting as the inflaton and interacting with scalar dark 
matter. 
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FIG. 6: The spectral index n a , its running a and the tensor to scalar ratio r are plotted against the Higgs mass mi, for various 
values of the Higgs-inflaton to dark matter coupling constant «(0) for the fixed initial value of the dark matter self-coupling 
As(0) = 0.0. Curve endpoints are determined by the wrong way roll, triviality and vacuum stability conditions. The dashed 
horizontal lines in the spectral index plot denote its central value, 0.960, and one and two standard deviations from it. 



9 



As(0)=0.1 



1.00 



0.98 



0.% 




A s (0)=0.1 





*<0)=-0.1 




«(0)=0.0 




<<0)=0.1 




*<0)=0.2 



200 




-0.0008 I — 
120 



A s (0)=0.1 






*r(0)=-0.1 




«r(0)=0.0 




«r(0)=0.1 




«r(0)=0.2 



160 



FIG. 7: The spectral index n a , its running a and the tensor to scalar ratio r are plotted against the Higgs mass mi, for various 
values of the Higgs-inflaton to dark matter coupling constant «(0) for the fixed initial value of the dark matter self-coupling 
As(0) = 0.1. Curve endpoints are determined by the wrong way roll, triviality and vacuum stability conditions. The dashed 
horizontal lines in the spectral index plot denote its central value, 0.960, and one and two standard deviations from it. 
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FIG. 8: The spectral index cosmological constraints on slices of parameter space for different dark matter self coupling As as 
determined by the degree of agreement with the experimental value of the spectral index, n a = 0.960. These constraints are 
applied to the potentially allowed (green) areas displayed in Fig. [5] Here the green regions indicate the volume of parameter 
space that predicts spectral index values within one standard deviation of the central value. The yellow regions correspond to 
calculated values between one and two standard deviations of the central value, while the orange regions correspond to two 
to three standard deviations from it. The red areas indicate parameters that predict spectral index values more than three 
standard deviations from the central value. Finally the grey region is excluded by triviality and vacuum stability bounds along 
with the wrong way roll condition. For As(0) > 0.25, there is no allowed region of parameter space. 
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IV. CONCLUSIONS 

The influence of the inclusion of dark matter on slow 
roll inflation models where the inflaton is identified with 
the standard model Higgs boson was explored. To 
achieve this, the standard model was modified by the 
inclusion of an hermitian scalar standard model singlet 
field, which accounts for the observed abundance of dark 
matter and the lack of its direct detection, and a large 
non-minimal coupling of the Higgs doublet to the Ricci 
scalar curvature. The model parameter space thus in- 
cluded the Higgs boson and singlet scalar masses, the 
scalar self coupling and the coupling between the Higgs 
doublet and the dark matter in addition to the non- 
minimal gravitational couplings of both the Higgs dou- 
blet and the singlet scalar. In the inflationary region 
where the physical Higgs field develops a sizeable classi- 
cal background, the presence of the large Higgs doublet 
non-minimal gravitational coupling results in a highly 
suppressed physical Higgs field propagator. Accounting 
for this, the one-loop renormalization group improved ef- 
fective potential was computed and the constraints on 
the model parameter space were delineated. In addition 
to the usual triviality and vacuum stability bounds, we 
focused on the cosmological constraints arising from the 
identification of the Higgs boson with the inflaton. Since, 
in general, the one loop effective potential develops a 
maximum, it was necessary to insure that the onset of 
inflation occurred such that the inflaton rolling was to- 
ward the origin and not towards the Planck scale. The 
implication of this wrong way roll constraint is displayed 
in Fig. [5] and is seen to eliminate even more of the param- 
eter space than the vacuum stability (or metastability) 
constraint. Various parameters characterizing the slow 
roll inflation were computed with the spectral index, n s , 
providing the most stringent constraint on the coupling 
constant space. As is seen in Fig. [8j the region of pa- 
rameter space allowed after the imposition of wrong way 
roll, triviality and vacuum stability constraints, is fur- 



ther partitioned into various sections whose agreement 
with the measured spectral index is only at a varying 
number (one - three) of standard deviations above the 
central value. Larger values of the coupling of the Higgs- 
inflaton to dark matter, as is preferred by the dark matter 
abundance calculation, lead to a lower allowed range of 
Higgs boson masses. In addition, there are the various 
Higgs mass bounds from accelerator experiments. The 
direct LEP search [35] gives a lower bound of 114.4 GeV, 
while a fit to electroweak precision data prefers |26] a 
mass to/i < 182 GeV. Finally, a combined CDF and DO 
analysis of Tevatron data [27] excludes the range 160 GeV 
< rrih < 170 GeV. While our analysis has been limited to 
the one-loop radiative corrections, we anticipate that the 
general features of our results will continue to hold when 
two and higher loop corrections are included. Thus we 
conclude that even after the inclusion of the dark matter, 
there still remains a range of LHC attainable Higgs bo- 
son mass values that are consistent with the cosmological 
parameters of slow roll inflation when the Higgs scalar is 
identified as the inflaton. 
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APPENDIX A: RENORMALIZATION GROUP 
EFFECTIVE COUPLING CONSTANTS 

The one-loop renormalization group |28j /3-functions, 
including the Higgs field suppression factor s(t), are 
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The Higgs field propagator suppression factor in the in- 
flationary background, where hit) — rrj^e , is given by 



s(t) 



1 + £(i)m 2 e 2t /m 
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and the Higgs field one loop anomalous dimension 7 is 
(in Landau gauge) 



l a \2 o 2 ^ 2 9 2 
(4tt) 7 = 3y t - -5i - ^5 2 - 



(A3) 



differences in the allowed parameter space for the two 
different cases depicted in Figs. [9] and [10] which can be 
directly traced to either the non-propagation of the Higgs 
field for larger t values or to the fact that the constraints 
are applied to a larger t value in the unsuppressed Higgs 
propagator case. Thus, with a suppressed Higgs propaga- 
tor, somewhat larger values, rrih — 190 GeV, are allowed 
(as compared to ~ 180 GeV with no suppression factor). 



APPENDIX B: TRIVIALITY AND VACUUM 
STABILITY 



The effective coupling constants can be determined by 
integrating the one-loop renormalization group equations 
detailed in Appendix A. The constraints due to abso- 
lute vacuum stability of the scalar sector provide lower 
bounds on the initial values of the coupling constants. 
Vacuum stability requires that A > 0, As > and for 
k < the relation A As > k 2 must hold for all values 
of t in the range of applicability of the effective theory. 
For the theory to remain in the perturbative sector of 
the model, the scalar coupling constants must not reach 
their respective Landau singularities for all values of t in 
the range of applicability of the effective theory. Thus 
we require the so-called triviality bounds that the cou- 
pling constants to be less than An, A < An, Xg < Att and 

K < AlT. 

In the following two sets of figures, the allowed param- 
eter space, after the imposition of these vacuum stability 
and triviality constraints, is mapped out as a function 
of the various t = couplings (m h = ^/2A(0) v). The 
triviality or vacuum stability bound that is violated for 
the various regions of the parameter space is indicated. 
In Fig. [9] the parameter space constraints are applica- 
ble up to t = 38 which corresponds to a scale slightly 
larger than the reduced Planck mass and with no sup- 
pression of the Higgs propagator (s(t) — 1). In the next 
panel, Fig. [Toj the parameter space constraints are de- 
termined for the case where the Higgs propagator is sup- 
pressed and the vacuum stability and triviality bounds 
are imposed up to the typical scale for the onset of in- 
flation, t = 34.5. Here the regions were determined with 
an initial value of the non-minimal gravitational coupling 
£(0) = 10 4 and £5(0) = 0. The size of the regions were 
found to be insensitive to the value of £ for a range of 
values 10 3 < £(0) < 10 4 . The standard model with- 
out dark matter coupling corresponds to the k(0) = 
abscissa in the As(0) = plot. There are only minor 
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FIG. 9: The vacuum stability and triviality constraints are applied to the parameter space (i.e. A(0), k(0), As(0)) of the scalar 
sector of the minimal standard model in perturbation theory. The non-minimal coupling to the gravitational field has been 
kept small with no suppression of the Higgs propagator, s(t) = 1.0. The constraints obtained apply up to t — 38 which is 
slightly larger than the reduced Planck mass. No allowed parameter space remains for As(0) > 0.23. 
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FIG. 10: The vacuum stability and triviality constraints are applied to the parameter space of the scalar sector of the minimal 
standard model with large non-minimal coupling to the gravitational field, £(0) = 10 4 . The Higgs propagator is suppressed 
with the suppression factor given in Eq. \A2\ and the constraints apply to scales up to those typical of the onset of inflation, 
t = 34.5. No allowed parameter space remains for As(0) > 0.25. 
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